Abstract The role of the small Rho GTPase Rac2 in mature osteoclasts has not been extensively studied.
bone. However, the CSF1 receptor c-fms is most highly expressed on mature osteoclasts [5] . We and others have reported that CSF1 induces cell spreading, motility, and actin reorganization in mature osteoclasts [6] [7] [8] [9] .
It is generally agreed that motility involves actin remodeling at the leading edge of the cells, resulting in broad skirt-like cytoplasmic extensions called ''lamellipodia.'' Integrin-mediated adhesion anchors the leading portion of the cell, while cytoplasmic retraction and release of integrin-mediated adhesion characterizes the trailing edge of the cell [10, 11] . In several cell systems, the Rho family small GTPases-Rac, Rho, and Cdc42-are required intermediaries for growth factor-dependent actin remodeling and motility [12] . Activated Rac mediates lamellipodia formation, while Cdc42 stimulates filopodia formation and Rho mediates retraction fiber assembly [12] . Several groups, including our own, have established that Rac plays a central role in mediating cytoskeletal reorganization in osteoclasts [9, 13, 14] .
There are three Rac isoforms, Rac1, Rac2, and Rac3. Despite extensive sequence identities, work in knockout mice has highlighted nonredundant roles for these isoforms in several tissues including the immune system, skin, and central nervous system. The roles of the Rac isoforms in osteoclasts have not been extensively studied, and in particular, a distinct function, if any, for Rac2 in these cells has not been well described. Recently, Wang et al. [15] studied the relative contributions of Rac1 and Rac2 to osteoclastogenesis and reported that, although both isoforms contributed to this process, Rac1 had a more important role. Here, we report findings in osteoclasts isolated from Rac2-deficient mice. The genetic absence of Rac2 does not affect cell survival, but these cells have an abnormal actin cytoskeleton, reduced basal rates of bone resorption, and impaired cytoskeletal remodeling and chemotaxis in response to CSF1.
Materials and Methods

Rac2 Knockout Mice
Rac2
-/-mice were kindly provided by Dr. David A. Williams (Children's Hospital Medical Center, Cincinnati OH) [16] . All animal studies were conducted with approval of the Yale Animal Care and Use Committee.
Materials
Recombinant human CSF1 was a generous gift from Genetics Institute (Cambridge, MA). a-MEM cell culture medium was purchased from Sigma-Aldrich (St. Louis, MO), and fetal bovine serum (FBS) was from either Sigma-Aldrich or Atlanta Biologicals (Lawrenceville, GA). Etched gridded coverslips were purchased from Bellco Glass (Vineland, NJ). Matrigel was purchased from BD Biosciences Discovery Labware (Bedford, MA). Type I collagen was purchased from Nitta Gelatin (Osaka, Japan). The Rac 1 antibody, purchased from Cytoskeleton (Denver, CO; catalog ARC 03), is a mouse monoclonal antibody specific for Rac1 that does not recognize Rac2. Rac2 antibody was purchased from Upstate Biotechnologies (Charlottesville, VA; catalog 07-604). This is a polyclonal rabbit antibody raised against residues 1-192 of human Rac2. Akt and phospho-Akt antibodies were purchased from Cell Signaling (Danvers, MA; catalog 9272 and 9271, respectively). The Akt antibody is a polyclonal rabbit antibody raised against the C-terminal sequence of mouse Akt. The phosphoAkt antibody is a polyclonal rabbit antibody raised against the sequences surrounding Ser 473 in mouse Akt. This antibody only recognizes Akt when the molecule is phosphorylated at Ser 473 . The antibody to actin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA; catalog sc-47778).
Histomorphometry and micro-CT Analyses
Histomorphometric analyses of proximal tibiae from wildtype and Rac2
-/-mice, 8-9 weeks old, were performed as previously described [17, 18] . Micro-CT analysis was performed on femora of wild-type and Rac2
-/-mice using a conebeam micro-CT instrument (lCT40; Scanco Medical, Bassersdorf, Switzerland) at the University of Connecticut Health Center Micro-CT Imaging Facility under the direction of Douglas J. Adams, PhD, Associate Professor of Orthopedics, as previously described [19, 20] .
Isolation of Mature Osteoclasts
Mature osteoclasts were isolated from neonatal murine long bones by mechanical disaggregation as previously reported [21] . Freshly isolated mature osteoclasts were used in cell-spreading and migration assays. Osteoclastlike cells (OCLs) were generated in vitro by coculturing murine osteoblasts and bone marrow cells in the presence of calcitriol and prostaglandin E 2 as previously described [21] . To prepare Rac2
-/-OCLs, bone marrow isolated from Rac2 -/-animals was cocultured with primary osteoblast cultures prepared from neonatal Rac2 -/-mice. OCLs from wild-type and Rac2
-/-animals were used to isolate RNA and to prepare cell lysates for Western blotting. OCLs were generated on collagen-coated dishes as described by Suda and colleagues [22] . After 6 days, OCLs were released from the collagen gels by collagenase digestion. They were then replated and used in survival, attachment, and pit-formation assays.
Survival Assay
After purification, mature OCLs prepared from either wildtype or Rac2
-/-animals were replated into a 96-well plate and cultured in a-MEM cell culture medium containing 2% FBS and either vehicle or 2.5 nM CSF1. In this assay a-MEM containing 10% FBS served as a positive control. Cells were fixed with 3.7% formaldehyde after 0, 9, and 24 h in culture and stained for tartrate-resistant acid phosphatase (TRAP). Only intact, TRAP-positive, multinuclear (three or more nuclei/cell) cells were counted.
RT-PCR for Rac1 and Rac2
RNA was isolated from mature, wild-type, and Rac2 -/-OCLs using an RNeasy kit (Qiagen, Valencia, CA) and used in RT-PCRs for Rac1 and Rac2. The forward primer for Rac-1 is 5 0 -ctgaagtgcgacaccactgt-3 0 , and the reverse primer is 5 0 -cttgagtcctcgctgtgtga-3 0 . The expected PCR fragment size is 203 bp. The forward primer for Rac-2 is 5 0 -catcagctacaccaccaacg-3 0 , and the reverse primer is 5 0 -ttggtacccaccaggatgat-3 0 . The expected PCR fragment size is 288 bp. The protocol employed SuperScript One-
Step RT-PCR with Platinum Taq (Invitrogen, Carlsbad, CA). cDNA synthesis was carried out at 50°C for 30 min, followed by denaturation at 94°C for 2 min. Amplification of DNA was carried out for 37 cycles of 94°C denaturation for 15 s, 55°C annealing for 30 s, and 72°C extension for 30 s.
Protein Assay
The concentration of protein in cell lysates was measured using a commercially available kit (BCA Protein Assay Kit; Pierce, Rockford, IL) and the manufacturer's recommended protocol. Absorbance was measured at 560 nm using a VICTOR 3 1420 multilabel plate reader (PerkinElmer, Waltham, MA).
Immunoblotting
OCLs cultured on plastic were used for immunoblotting assay. After 6 days in coculture, osteoblasts were removed by flushing with PBS containing 5.5 lM EDTA. Cells were then treated with a-MEM plus 2% FBS containing either vehicle or 2.5 nM CSF1 for 10 min. After 10 min, cells were rinsed with ice-cold PBS and lysed in HNTG lysis buffer (50 mM HEPES, 150 mM NaCl, 1% Triton X-100, and 10% glycerol containing 1 lM PMSF, 10 lg/mL aprotinin, 10 lg/mL leupeptin, and 1 mM sodium vanadate). Equal amounts of clarified cell lysates were subjected to SDS polyacrylamide gel electrophoresis and transferred onto nitrocellulose paper (Trans-Blot Transfer Medium; Bio-Rad, Hercules, CA). After transfer, blots were blocked in Tris-buffered saline containing 0.05% Tween-20 and either 5% bovine serum albumin or 5% milk and then probed with the relevant primary antibody. Blots were developed using HRP-conjugated secondary antibodies following by enhanced chemiluminescence detection (ECL detection kit; Amersham, Piscataway, NJ).
To determine expression of Rac1, whole-cell lysates were prepared from untreated mature, wild-type, and Rac2 -/-OCLs and analyzed by Western blotting for expression of Rac1 using an antibody specific for that isoform that does not recognize Rac2. Blots were then stripped and reprobed for actin.
Phalloidin Staining of Osteoclasts
Freshly isolated osteoclasts from wild-type and Rac2 -/-mice were plated on FBS glass coverslips; treated with 2.5 nM CSF1 at 37°C for 0, 15, or 30 min; and fixed and stained with fluorescein-conjugated phalloidin (Molecular Probes, Eugene OR) using our previously published protocol [23] . Cells were imaged using a laser-scanning confocal microscope with an argon laser (LSM 510 Meta; Carl Zeiss Microimaging, Thornwood, NY).
To assess actin ring formation, freshly isolated osteoclasts from wild-type and Rac2
-/-mice were plated on FBS-coated glass coverslips, left untreated at 37°C. and fixed, stained, and imaged 6 h later.
Spreading Assay
Freshly isolated osteoclasts were plated onto gridded coverslips for 1.5 h in a-MEM containing 10% FBS. The FBS concentration was then reduced to 2% for an additional 1.5 h. Coverslips were washed, and the concentration of FBS was reduced to 1%. Images of osteoclasts were recorded before and after 15 and 30 min of treatment with either 2.5 nM CSF1 or vehicle. Changes in cell area were quantified using NIH Image software, version 1.34 s (NIH, Bethesda, MD), and expressed as a percent change from baseline cell area.
Osteoclast Migration Assay
Authentic osteoclasts were plated on gridded glass coverslips (Bellco Glass) in a-MEM containing 10% FBS for 1.5 h. The FBS concentration was then reduced to 2% for an additional 1.5 h. Coverslips were washed and the concentration of FBS reduced to 1%. A point source of CSF1 was prepared by adding CSF1 to Matrigel at a final concentration of 2.5 nM. The Matrigel containing CSF1 was placed into a 22-gauge needle, and the tip of the needle (with the bevel facing the grid) was placed 200 lm from the midpoint of the front of the grid. This results in the generation of a 1% gradient of CSF1. Osteoclasts were tracked by serial photographs using a CCD camera. The distance migrated toward the point source was calculated as the total distance each cell traveled toward the point source of CSF1. Cells were considered to be moving toward the point source if they migrated up the CSF1 gradient at an angle greater than 0°. Measurements were made using Adobe Photoshop 7.0 software (Adobe, San Jose, CA).
In Vitro Resorption Assays
To quantify resorptive activity, wild-type or Rac2 -/-OCLs, prepared on collagen gels, were replated onto Osteologic TM discs (BD Biosciences Discovery Labware) and cultured in a-MEM with 10% FBS. After 5 days, cells were removed using bleach and the resorptive surface was quantified using Adobe Photoshop 7.0 and NIH Image J software. Data are presented as mean percent of surface resorbed per field. Resorbed area was quantified in 205 separate fields for each determination. Fields were identified at 1009 magnification in six separate discs. To confirm the findings using Osteologic discs, OCLs were also plated on dentine slices (OsteoSite Dentine Disc; Immunodiagnostic Systems, Fountain Hills, AZ) for 3 days and the concentration of the crosslinked C-teleopeptide of type I collagen (CTX) was quantified in the media.
Determining the Osteoclastogenic Potential of Rac2
-/-
Bone Marrow
To determine the effect of the genetic absence of Rac2 on osteoclastogenesis, bone marrow was isolated from wildtype and knockout mice. Red blood cells were lysed on ice for 5 min. Mononuclear cells were centrifuged, washed with PBS, and seeded in phenol red-free a-MEM containing 10% FBS and CSF1 at a final concentration of 100 ng/mL. Twenty-four hours later, nonadherent cells were harvested, layered onto an equivalent volume of Phycol-Hypaque, and centrifuged at 7009g for 20 min. Cells at the interface were collected, washed in PBS twice, and plated at a final concentration of 5 9 10 5 cells/gridded 60-mm dish. Cells were cultured in phenol red-free a-MEM containing 10% FBS, 75 ng/mL CSF1, 75 ng/mL RANKL, 10 ng/mL TNF-a, and 50 lg/mL AICAR, which has been previously reported to induce osteoclastogenesis [24] . The medium was changed every 3 days. After 7 days in culture, cells were fixed and TRAP-positive cells with three or more nuclei were counted as osteoclasts. The grid of the 60-mm dish was comprised of 62 squares, each 24 mm 2 in area. Twenty-five squares were counted, and the mean number of cells/600 mm 2 was calculated.
Results
Rac2
-/-Mice Have Significantly Increased Bone Mass Rac2 -/-mice were weaned without difficulty, had normal tooth eruption, and grew at a rate comparable to wild-type littermates. When quantified by micro-CT analysis, femoral cortical thickness was significantly higher in Rac2 -/-compared to wild-type mice (191 ± 0.02 vs. 168 ± 0.1 lm, P = 0.02), while percent cortical porosity was lower (4.7 ± 0.7 vs. 5.6 ± 0.6%, P = 0.04) (Fig. 1a, b) . As assessed by histomorphometry, trabecular bone mass was significantly higher in male Rac2
-/-than male wild-type animals ( Fig. 1c, d ; Table 1 ), although trabecular bone mass was similar when data from male and female animals were combined (Table 2 ). There were no significant differences in the number of osteoblasts per bone surface; however, the number of osteoclasts per total bone area tended to be higher in Rac2
-/-mice (Table 2) , and in male Rac2
-/-mice the difference was at the level of significance (P = 0.05) ( Table 1) . Increased bone density in the setting of increased numbers of osteoclasts suggests a possible defect in osteoclast function as the basis for this skeletal abnormality. Since Rac has been reported to be important for osteoclast function while effects in osteoblasts have not been reported, we focused on osteoclast function in these mice.
The Genetic Absence of Rac2 Results in Increased Levels of Expression of Rac1 in Osteoclasts
We first sought to determine if the genetic absence of Rac2 affected the level of expression of Rac1 in osteoclasts. We did not examine levels of Rac3 since its expression is largely confined to the central nervous system and levels of its transcript in osteoclasts are very low (T. I., unpublished observation). As demonstrated in Fig. 2a , the levels of Rac1 transcript were equivalent in wild-type osteoclasts and cells prepared from Rac2 -/-mice. As expected, transcripts for Rac2 were not detected in Rac2
-/-osteoclasts. Western analysis demonstrated a significant increase in Rac1 expression in Rac2 -/-cells (Fig. 2b) . The mean increase in Rac 1 expression in three separate cell preparations analyzed by Western blotting was 3.7-fold (P \ 0.05).
Rac2 Is Not Required for CSF1-Dependent Prosurvival Effects in Osteoclasts
Rac plays an important role in mediating the prosurvival effects of CSF1 in osteoclasts [14, 25, 26] . We therefore next determined if osteoclast survival was affected by the genetic absence of Rac2. As shown in Fig. 3a , osteoclast survival under reduced serum conditions was the same in -/-osteoclasts. Further, CSF1 prolonged cell survival to the same extent in wild-type and Rac2
-/-cells. CSF1-dependent activation of Rac1 leads to activation of Akt, and the latter has been reported to be an important mediator of osteoclast survival [27, 28] . The CSF1/Rac1/Akt pathway has been reported to be important for the prosurvival effect of CSF1 in OCLs [14] . To determine if Rac2 contributes to this Akt-mediated survival pathway, the extent of Akt phosphorylation induced by CSF1 was examined in wild-type and Rac2
-/-osteoclasts. Phosphorylation of Akt at position Ser 473 is associated with Akt activation [29] ; therefore, an antibody specific for phospho-Ser 473 Akt was used to determine the extent of Akt activation following treatment with CSF1. As shown in Fig. 3b , treatment with CSF1 for 10 min induced comparable degrees of phosphorylation of Akt in wild-type and
Rac2
-/-OCLs. In addition, the time course of activation of Akt was identical in wild-type and Rac2
-/-cells (Fig. 3c ). These data indicate that Rac2 is not required for CSF1 activation of Akt and or for the prosurvival effects of the cytokine.
The Actin Cytoskeleton of Rac2 2/2 Osteoclasts Is Abnormal
Since Rac plays an important role in cytoskeletal remodeling, we wondered whether Rac2 contributes to normal cytoskeletal architecture both in resting osteoclasts and in cells stimulated with CSF1. Mature osteoclasts were isolated from Rac2 -/-and wild-type mice, fixed, and stained with phalloidin before or 15 min after treatment with CSF1. Untreated Rac2
-/-osteoclasts evidenced areas of dense actin accumulation that were rarely seen in osteoclasts isolated from wild-type animals (Fig. 4a , first row compared with third row, see arrow in third row, first panel). Eightyfour percent (16/19) of authentic osteoclasts isolated from Rac2 -/-osteoclasts exhibited dense actin accumulations. In contrast, only 12% (2/16) of wild-type cells exhibited a similar finding. Cells from knockout animals also demonstrated frequent filopodia formation, which was rarely seen in wild-type osteoclasts (Fig. 4a, third row, arrowheads) . Following treatment with CSF1 for 15 min, wild-type cells showed accumulation of actin at the spreading edge of the cell (Fig. 4a, second row) . While some Rac2
-/-osteoclasts also showed areas of actin accumulation at the spreading edge (Fig. 4, fourth row, second panel, arrow) , areas of dense actin accumulation persisted in many cells (Fig. 4a, fourth  row, first panel, arrow) . Finally, some Rac2
-/-cells showed what appeared to be punctate areas of actin accumulation (Fig. 4a, fourth row, third panel, arrow) .
Actin ring formation was assessed in freshly isolated, untreated osteoclasts 6 h after plating on FBS-coated glass coverslips as described in ''Materials and Methods'' section. Only 23% (3/13) of Rac2 -/-osteoclasts were able to form actin rings, while 92% (11/12) of wild-type cells had actin rings (Fig. 4b) .
There was no observed difference in the number of nuclei per cell in wild-type and Rac2
-/-osteoclasts. The mean number of nuclei in 19 mature osteoclasts isolated from Rac2 -/-mice was 5.3 ± 0.8, with 4.9 ± 0.4 in 18 cells isolated from wild-type mice.
Increased Osteoclastogenic Potential of Rac2
-/-Bone Marrow Osteoclast precursors were isolated from the bone marrow of wild-type and Rac2
-/-animals and cultured as described in Materials and Methods. After 7 days in culture, cells were fixed and TRAP-positive cells with three or more nuclei were 
OCLs (middle panel). GAPDH was used as an internal control for RT-PCR (lower panel). b Western blot analysis of whole-cell lysates from wild-type (left) and Rac2
-/-(right) OCLs. The blot was initially probed with an antibody specific for Rac1 and then stripped and reprobed for actin as a loading control. The mean increase in Rac1 expression in three separate experiments was 3.7-fold (P \ 0.05). Results are representative of findings in three separate experiments counted as osteoclasts. The mean number of osteoclasts per 600 mm 2 was 207 ± 8, when marrow from Rac2 -/-animals was cultured under osteoclastogenic conditions, while the mean number of osteoclasts formed from the marrow of control animals was 119 ± 5 per 600 mm 2 . These values are statistically significantly different (P = 0.03). This finding is consistent with our in vivo findings of a trend toward a higher number of osteoclasts in Rac2 -/-animals.
Rac2 -/-Osteoclasts Exhibit a Delayed Spreading Response and Reduced Chemotaxis to CSF1
It is well established that CSF1 stimulates osteoclast motility and spreading [7, 21, 23, 30] , and it has recently been reported that CSF1-dependent cytoskeletal remodeling requires Rac1 [9, 14] . To determine if Rac2 makes any contribution to these actions of CSF1, mature osteoclasts were isolated from wild-type and Rac2
-/-mice and cell spreading and motility were quantified. After 15 min of treatment with 2.5 nM CSF1, the mean area of wild-type osteoclasts increased by 49.9 ± 9.9% (n = 47). In contrast, the mean area of Rac2 -/-osteoclasts increased by only 27.8 ± 4.96% (n = 55). The difference in the spreading response to CSF1 was statistically significant (P = 0.05) (Fig. 5a ). However, after 30 min of exposure to CSF1, there was no longer any difference in mean spread area between the two cell types and the final absolute mean area for both cell types was similar. This indicates that while cell spreading was significantly delayed in Rac2 -/-cells, it eventually reached the same final spread area.
These data, together with the finding of an abnormal cytoskeletal response to CSF1 in Rac2 -/-osteoclasts, indicate that Rac2 participates in CSF1-induced cytoskeletal remodeling. Since chemotaxis requires normal cytoskeletal remodeling, we next determined if Rac2 plays a role in CSF1-induced osteoclast migration. As shown in Fig. 5b , when Matrigel loaded with vehicle (0.1% BSA in PBS) was used in the chemotaxis assay, the mean distance wild-type cells traveled in the direction of this point source was 17.3 ± 3.4 lm (n = 20), while Rac2
-/-osteoclasts migrated a mean distance of 20.2 ± 5.6 lm (n = 33) toward the vehicle-loaded needle over the 3 h of observation. These mean values are not statistically different. In striking contrast, when the needle was loaded with Matrigel containing 2.5 nM CSF1, wild-type osteoclasts migrated a mean distance of 38.7 ± 5.3 lm (n = 39) toward the point source, while Rac2
-/-osteoclasts migrated only 21.4 ± 2.8 lm (n = 43), a difference that was highly significant (P \ 0.01). Punctate areas of actin accumulation were also seen (third column, fourth panel, arrow). b Actin ring appearance in two wild-type osteoclasts (upper row) and two osteoclasts isolated from Rac2 -/-animals (lower row). Cells were plated on FBS-coated glass slides for 6 h and then fixed, stained, and imaged by confocal microscopy. Bar = 20 lm in each panel of a and b
Rac2
-/-Osteoclasts Have Impaired Resorptive Capacity Finally, given the increase in bone mass in Rac2
-/-mice, we were interested in determining if Rac2 -/-osteoclasts had normal resorptive activity. Pit formation was quantified using Osteologic discs. As shown in Fig. 6a, b , wild-type osteoclasts resorbed a mean 4.03 ± 0.35% of the surface disc surface, while Rac2 -/-osteoclasts only resorbed 2.30 ± 0.22% of the surface area, indicating a significant impairment in basal resorptive activity of these cells (P \ 0.001). Consistent with the findings on Osteologic discs, when the resorptive activity of Rac2 -/-osteoclasts was analyzed on dentine slices, we found that these cells showed significantly less basal resorptive activity. Thus, the mean concentration of CTX in the medium of Rac2 -/-osteoclasts plated on dentine slices was significantly lower than that for wild-type cells (0.48 ± 0.02 vs. 0.67 ± 0.06 ng/mL, P = 0.04) (Fig. 6c) .
Discussion
The three Rac isoforms, Rac1, -2, and -3, are highly homologous at the amino acid level. Murine Rac1 and Rac2 show 94% sequence identity. Rac3 shows strongest homology to Rac1 (90%), with divergence at the carboxy terminus, and less but still extensive homology with Rac2 (83%). Rac1 is ubiquitously expressed. Expression of Rac2 is restricted to hematopoietic tissue, while Rac3 is widely expressed, with the highest expression in the developing nervous system. Despite extensive sequence identities, recent work has highlighted the nonredundant roles of these three isoforms. Deletion of Rac1 leads to embryonic lethality, deletion of Rac2 results in abnormalities in neutrophil function and B-and T-cell development, while Rac3 knockout mice are characterized by behavioral abnormalities in adult animals [16, [31] [32] [33] [34] [35] . Fukuda et al. [14] and Sakai et al. [9] used dominant negative constructs to provide evidence that Rac1 is important for CSF1-induced cytoskeletal remodeling in osteoclasts.
The findings in the current study establish a nonredundant role for Rac2 in bone. Cortical thickness and density were greater in knockout mice, and male Rac2 -/-mice also had higher trabecular bone mass. The cellular basis for these changes appears to be a defect in osteoclast function. While the genetic absence of Rac2 did not affect osteoclast survival, Rac2
-/-osteoclasts showed reduced basal resorptive activity and a clear defect in the ability to respond to the chemoattractant CSF1. The finding of increased expression of Rac1 protein in the genetic absence of Rac2 was surprising and unexpected. It raises the interesting possibility that Rac1 to some extent compensates for Rac2. It will be of interest to study the phenotype of animals in which both Rac1 and Rac2 have been deleted in osteoclasts.
Rac2 -/-osteoclasts showed a significantly delayed spreading response to CSF1 after 15 min of exposure to the cytokine. The fact that after 30 min Rac2 -/-osteoclasts eventually spread to the same extent as did wild-type cells indicates that compensatory mechanisms are operative in the knockout cells. Rac2
-/-osteoclasts displayed a normal level of random cellular migration in the absence of a chemoattractant gradient *7 vs. 6 lm/h (Rac2 -/-vs. wild type). Interestingly, it has recently been shown that Rac1 is required for normal rates of random migration in fibroblasts -/-osteoclasts, by black bars. The response to CSF1 at 15 min was significantly attenuated in the knockout cells (P = 0.05). b Mean distance migrated by freshly isolated mature wild-type osteoclasts (left two bars) or Rac2 -/-osteoclasts (right two bars) in the absence (gray bars) or presence (black bars) of a 1% CSF1 gradient. While the rate of random migration was comparable in the two cell types, Rac2 -/-osteoclasts showed virtually no chemotactic response to CSF1 (P \ 0.01 when comparing the mean distance traveled up the CSF1 gradient by the two cell types) and epithelial cells [36] , and as noted, we found that the level of Rac1 expression was actually increased in Rac2 -/-osteoclasts. In contrast to the normal rate of random migration, Rac2
-/-osteoclasts showed a much reduced rate of migration up a shallow gradient of CSF1. On average, cells isolated from knockout mice migrated only 56% as far as those isolated from wild-type mice. Wang et al. [15] reported on the role of Rac1 and Rac2 in regulating the motility of preosteoclasts. In contrast to our findings, Wang et al. did not observe a defect in CSF1-induced chemotaxis in Rac2
-/-preosteoclasts, while Rac1 -/-preosteoclasts failed to respond to the growth factor gradient. One reason for these divergent findings may be that Wang and coworkers studied preosteoclasts, while we studied mature osteoclasts. Differences in the cytoskeletal response of preosteoclasts and mature osteoclasts to CSF1 have been noted previously. For example, preosteoclasts prepared from Src -/-mice spread normally in response to CSF1, while mature osteoclasts do not [23, 37] .
The contribution of Rac1 and Rac2 to cytoskeletal remodeling and motility in macrophages and leukocytes has also been studied. Rac1
-/-macrophages have abnormal morphology and a reduced spreading response to CSF1 but show normal chemotaxis in response to CSF1 [38] .
Rac2
-/-macrophages have slightly reduced speeds of migration in a Dunn chamber assay using CSF1 as a chemoattractant [39] and significantly reduced rates of migration in a transwell assay using vitronectin [40] . Using a series of extracellular matrix substrates, Pradip et al. [40] concluded that in bone marrow macrophages Rac2 was required for a v b 3 integrin-dependent migration. It is noteworthy that a v b 3 is the principal integrin used by osteoclasts. Roberts et al. [16] and Gu et al. [32] also reported significant defects in chemotaxis of Rac2 -/-leukocytes in response to the chemoattractant fMetLeuPhe. Thus, in macrophages, leukocytes, and mature osteoclasts, the genetic absence of Rac2 seems to result in impaired chemotaxis.
Phalloidin staining revealed an abnormal actin cytoskeleton in Rac2
-/-osteoclasts both at rest and following CSF1 treatment, indicating a nonredundant function for this small GTPase in actin remodeling in these cells. Our findings are consistent with the studies of Pradip, Roberts, Gu, and coworkers summarized above, indicating that integrin-mediated actin remodeling and motility were impaired in the absence of Rac2. In addition, we found significantly impaired actin ring formation in Rac2 -/-osteoclasts. The ability to form actin rings was reduced by 
75% in Rac2
-/-osteoclasts compared to cells isolated from wild-type animals. Razzouk et al. [41] reported similar cytoskeletal changes in rat osteoclasts microinjected with a neutralizing antibody to Rac2. They found that neutralizing Rac2 inhibited actin ring formation by 48% and led to the appearance of abnormal accumulations of actin that are not unlike those we observed.
We found an increase in the number of osteoclasts present in bone in vivo in Rac2 -/-mice. There was also an increase in the osteoclastogenic potential of the marrow from Rac2
-/-animals when cultured in vitro. These changes could be interpreted as a compensatory response to the decrease in resorptive efficiency of the mature cells. A similar trend toward increased osteoclast numbers has been reported in Src -/-mice, which have osteoclasts with impaired resorptive activity [42] . However, Wang et al. [15] reported decreased numbers of osteoclasts in Rac2 -/-mice. We used histomorphometry to quantify osteoclasts, while Wang and colleagues used TRAP and immunohistochemical staining for cathepsin K to assess osteoclast number. Since they also observed that expression of these markers is delayed during osteoclastogenesis in Rac2 -/-cells, it is possible that they underestimated the actual number of osteoclasts present in vivo.
The Rac2 -/-osteoclasts showed a normal survival rate when cultured in medium containing reduced concentrations of serum, suggesting that Rac2 -/-did not play a role in the response to that apoptotic signal. Consistent with this, the ability of the prosurvival factor CSF1 to induce phosphorylation of Akt was not influenced by the absence of Rac2. Indeed, Fukuda et al. [14] reported that it is Rac1 which is required for CSF1's prosurvival actions and that inhibiting Rac1 prevented CSF1-induced Akt phosphorylation in osteoclasts.
In the absence of Rac2, basal osteoclast resorptive rates were significantly reduced (Fig. 6 ). Since we used calcium phosphate-coated discs rather than bone slices, these results may not reflect resorptive activity in vivo. However, our data demonstrating reduced release of collagen fragments by Rac2
-/-osteoclasts cultured on bone slices support the relevance of our findings. Further, Razzouk et al. [41] found that, in addition to the cytoskeletal changes noted above, a neutralizing antibody to Rac2 significantly inhibited the resorbing activity of mature rat osteoclasts when these cells were cultured on bone slices. Finally, Wang et al. [15] reported that OCLs prepared from Rac2 -/-mice have reduced resorptive activity. The reason for this defect in basal resorptive rates is not clear, but one likely possibility is that it is due to the combined defects in actin ring formation and chemotaxis observed in Rac2 -/-osteoclasts. Normal resorption requires that osteoclasts move from one resorption site to the next and form effective sealing zones at each site. The therapeutic implications of defective resorptive activity in Rac2 -/-osteoclasts have been explored by Kawano and coworkers [43] . They reported that Rac2 -/-mice treated with single daily subcutaneous doses of parathyroid hormone had a significantly greater anabolic response in bone than did wild-type littermates. They speculated that this was due to the fact that the increase in bone resorption, which eventually occurs during anabolic PTH regimens, was attenuated in the Rac2 -/-mice, allowing for a greater increase in bone mass.
In summary, our in vivo and in vitro data demonstrate that Rac2 is required for normal bone remodeling by playing a nonredundant role in regulating osteoclast cytoskeletal remodeling, motility, and resorptive activity.
